Abstract: To date, QDOGFETs (quantum dot, optically gated, field-effect transistors) have only been shown to be single-photon sensitive when cooled to 4 K. Here, we show that QDOGFETs can sense single photons at temperatures approaching 40 K.
Fig. 1. (a)
The average photoresponse of the QDOGFET detection system (shown in inset) for select temperatures: 7 K (black), 16 K (red), 37 K (blue), 60 K (green) The data sets have been artificially offset for clarity, and the origin of the time axis is chosen to coincide with the arrival of the 15 ns light pulse. (b) S/ determined by optical measurements (open circles) and predicted by Eq. [1] (solid circles) using experimentally measured noise spectra for = 20 s.
We determined the sensitivity of the QDOGFET by illuminating its active area with highly attenuated laser pulses and monitoring the photoresponse produced by each pulse of light. The pulses were tuned above the bandgap of GaAs but below that of the AlGaAs layers of the structure and were attenuated such that on average less than one photon was detected per pulse. As shown in the inset to Fig. 1(a) , the QDOGFET was wired in series with a load resistor (R L ) and reverse biased with a DC gate voltage (V G ) that produced maximum transconductance ( Fig. 1(a) . The detector exhibits persistent photoconductivity over the entire temperature range studied, responding to light pulses with an abrupt step that persists long after illumination.
To quantify the sensitivity of the QDOGFET, we determined the signal-to-noise ratio (S/ / ) of the individual photoresponses produced at each fixed temperature [ Fig. 1(b) ]. Here, we employed an average difference filter (ADF) to quantify the signal produced by each pulse of light that integrates V out over equal time intervals ( /2) before and after the arrival of each pulse and then takes the difference of the two integrated values. The noise parameter, , represents the standard deviation of V out in the absence of light. In Fig. 1(b) , we plot S/ / as a function of operating temperature for a total integration time of = 20 s. In previous studies [4] , we have chosen 3:1 to be the benchmark for single-photon sensitivity. Using this benchmark, the data indicate that the device will maintain single-photon sensitivity up to operating temperatures of ~40 K. The variability of S/ / with operating temperature can be understood in terms of the temperature dependence of the electrical noise produced by the QDOGFET [Fig 2(a) ] and that of R L and g m [ Fig. 2(b) ]. It can be shown that
where N V [V 2 /Hz] is the power spectral density (PSD) of the noise in the output voltage;
( is the transfer function of the ADF; e is the elementary charge; W is the distance between the QD layer and the gate; and ' is the electric permittivity of the material. Here,
, where R Q || R L is the parallel combination of the QDOGFET and load resistances; N Q is the PSD of the QDOGFET noise; and N L is the thermal noise of the load resistor. As shown in Fig 2(a) , the QDOGFET noise exhibits 1/f character and increases as its operating temperature is elevated. By contrast, the load used in the measurements exhibits increased R L with decreasing temperature. The increased resistance results in reduced I ds and subsequently decreased transconductance. The S/ values predicted by Eq. [1] using the measured noise spectra and circuit parameters are plotted in Fig. 1(b) and agree very well with the optically determined values. Increasing electrical noise causes decreasing S/ g / as the temperature is raised above ~14 K. The role R L plays in the performance of the QDOGFET is highlighted by the dip in S/ / at the lowest temperatures. This reduction is not due to elevated noise, but instead is due to an increase in R L and a decrease in g m as the temperature is lowered.
The mathematical model employed here provides a convenient way of predicting the photosensitivity of QDOGFETs without the need to perform optical measurements. It can be used to determine how parameters such as and R L affect the sensitivity of the detection system, and will be used as an optimization tool in future work.
